




Figure  2: (a) An example of the plane in which the substance has the
maximum distribution and of the circular surface in which the condition is 
satisfied. (b) An exemplification of the six points in which new elementary
units can be attached. (c) An exemplification of a case in which the 
condition is satisfied at one of the ends of the elementary units. (e) An
exemplification of the way in which the new element is attached in case (d). 

The add-unit action adds from 0 to 6 elementary units in
the location/s of the current embryo in which the condition
part hold/s. A preliminary check has been done before
adding new elements. In particular, if new element does not
intersect any existing elements then it will be added,
otherwise it will be discarded.
The parameters of this action include:
(1) Six binary values which encode whether or not the

elementary units are grown along six possible
perpendicular orientations (0°, 60°, 120°, 180°,
240°, 300°) with respect the longitudinal axis of the
circular surface in which the condition holds (Figure 
2a, b, c). When the condition is satisfied at one of 
the end points of the cylinder, the new elementary
unit grows along the same axis of the elementary
unit in which the condition is satisfied (Figure  2d,
e).

(2) An integer value which determines whether the new
elementary units are connected through a fixed joint
or a motorized joint with one degree of freedom
(DOF) within the following possible cases (x, y, or
z) and within the following limits [ -30°: +30°]. The
maximum force and the maximum velocity applied
to the motorized joint correspond to 404 Nm and 9,6
rad/sec respectively. 

(3) A vector of values which encodes the connection
weights and biases of the artificial neural network
(see below) which control the corresponding DOF 
(if any). Each parameter is encoded with 8 bits and 
normalized in a floating point value in the range
[-15.0, +15.0]. This implies that the neural network
controllers which are generated through the same
rule have the same characteristics whereas those that 
are generated by different rules might differ.

The add-regulatory-substance action adds a new 
regulatory substance with a concentration which varies
proportionally to the distance with respect to a new plane.
This new plane is created in the point in which the condition
is satisfied with the same orientation of the regulatory
substance which triggered the execution of the action.

(Figure  3).
The parameters of the add-regulatory-substance actions

include:
(1) An integer value in the range [0, 3] which encodes 

the type of regulatory substance added. 
(2) A floating point value in the range [3.0, 8.0] that

encodes the size of the plane which determines the
diffusion of the regulatory substance.

Figure  3: New source substance is added 

C. Genotype: Neural Controller
Each elementary unit provided with a motorized joint

includes a neural network controller with a fixed
architecture consisting of five sensory neurons directly
connected to five motor neurons (Figure  4). 

The neural controller has access to the current angular 
position of the corresponding joint and regulates the
frequency of oscillation of the joint. Neural modules are also 
allowed to communicate between themselves by producing
up to four different signals and by detecting the signals
produced by other neural controllers located within a 
maximum Euclidean distance. 

Figure  4: The architecture of neural controller 

The first sensory neuron encodes the current angular
position of the corresponding motorized joint (normalized in
the range [-1.0, 1.0]). The other four sensory neurons 
encode how many signals produced by other neural modules
are detected. Each neural module can produce four different
signals (A, B, C, and D) that diffuse and can be detected up 
to a certain distance (DA, DB, DC, and DD in the case of 
signals A, B, C, and D respectively). Detection is a binary
value, and the total sum of detected signals is normalized in
the range [0.0, 1.0].

The desired position of each joint is determined by a 
sinusoidal oscillator with a frequency that is initially
assigned randomly in the range [7.0, 14.0]Hz and that is
later increased or decrease in each time step within the same
range on the basis of the current output of the corresponding
neural controller. More precisely the frequency increases in
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the range [0, 1.4]Hz for outputs in the range (0.5, 1.0], and 
drecreases in the range [0, -1.4]Hz, for outputs in the range 
(-0.5, -1.0]. The other four output neurons are threshold 
units which determine whether the signal A, B, C. and D are 
produced (value is 1) or not (value is 0). For more details on 
this type of neural controllers and for an analysis of how 
signals can lead to coordination in a distributed system used 
to control a robot with a fixed morphology see [13][14]. 

D. The Evolutionary Process 
The initial population consists of 100 genotypes. Each 

genotype includes a set of genes which encode the initial 
substances in the embryo, the developmental rules and the 
vector which determine the order with which rules are 
executed. Parameters are randomly generated within the 
corresponding intervals. 

The 20 best genotypes of each generation are allowed to 
reproduce by generating five copies each (elitism is applied 
in firsts five genotype only). During reproduction each gene 
is mutated (i.e. replaced with a new randomly selected value 
in the corresponding range) with a probability of 3%. 
Moreover, each element of the vector which encodes the 
indexes and the order with which developmental rules are 
expressed can be moved at the end of the vector with a 
probability of 2%.  In order to increase the level of 
variability, the 10 worst-fitting individuals are replaced by 
new randomly generated ones every 50 generations To 
introduce more variability every 50 generations the 10 
individuals with the worst fitness are replaced with new 
randomly generated ones (preliminary analysis indicate that 
this increase variability during the first generations only, 
since the probability that these randomly generated 
individuals will be selected becomes very low in successive 
generations).  

The evolutionary process lasts for 500 generations (i.e. 
the process of testing, selecting and reproducing robots is 
iterated 500 times). Each individual genotype is allowed to 
develop in a free space into the corresponding phenotype 
and is tested in the environment for 5 trials (2 trials on a flat 
terrain and 3 trials on an irregular terrain).

At the beginning of each trial the current phase and the 
current frequency of oscillation of each joint is set randomly 
within the corresponding range and the creature is placed at 
a height of approximately 5.5 cm from the ground (i.e. this 
implies that creatures should be able to stand on the 
posture/s in which they are able to locomote). Creatures are 
then allowed to move for 6000 time steps lasting 1.5ms 
each.

For each time step the state of the sensors and of the 
motors of each neural controller, the torque exerted by the 
motorized joints, and the dynamics of the 
creature/environmental interaction are updated. Creature and 
creature/environmental interactions are simulated by using 
the ODE dynamical simulation engine [19]. 

The fitness formula includes two components which score 

individuals for the ability to move as fast as possible and for 
the ability to produce coordinated movements. The first 
component is calculated by measuring the Euclidean 
distance travelled by an individual during its lifetime from 
time step 2000 on (i.e. the distance travelled during the first 
phase in which the creatures fall down and start coordinating 
does not effect their fitness). The second component consists 
of the average mutual information [20] calculated between 
the current frequency of oscillation of each couple of joints. 

The total fitness is computed by normalizing, in the range 
[0.0, 1.5] the value of the two components with respect to an 
estimation of the maximum distance which can be travelled 
by a creature and with respect to the theoretical maximum of 
the mutual information, respectively. 

III. RESULTS

In the next three sections we describe; (A) the results 
obtained by running 10 replications of the experiment based 
on the model described above, (B) the results obtained in 
other control experiments in which we analyzed the effect 
obtained by varying some of the characteristics of the model 
proposed, (C) the results obtained by analyzing the course of 
the evolutionary process. 

A. Results 
From a qualitative and quantitative analysis of the 

performance of the best individual of the last generation, in 
each replication we observed that all individuals evolve an 
ability to locomote effectively (Table 1). The average 
distance covered by individuals varies for different 
replications and achieves appreciable results in the case of 
the best replications. Performance also differs with respect 
to type of terrain (Table 1). In some replications individuals 
display an ability to move effectively on both types of 
environments. 

By analyzing the morphology of evolved creature (Figure 
5) and the number of DOFs (Table 1) we can see how the 
evolutionary process leads to a large variety of 
morphological structures. This indicates that the model 
chosen has a good level of expressiveness. As can be seen 
from the figure, the evolved morphologies show a high 
degree of symmetry. This characteristic can be explained by 
considering that in the model proposed the developmental 
process occurs in the 3D space and is governed by 
regulatory substances which have a distribution which is 
symmetrical with respect to the plane of maximum 
concentration.

We can also observe how all evolved creatures are 
provided with morphologies which allow them to avoid 
falling on a side or tipping over, and which allow them to 
master obstacles of various sizes in irregular terrains. By 
visually inspecting the behavior of evolved creatures (see 
the movies available from http://laral.istc.cnr.it/esm/dros1-0) 
we can identify three phases: (a) an initial phase in which 
the creature falls on the terrain by assuming a certain 
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posture, (b) an intermediate phase in which the movements
of the joints, which are initially not-coordinated, become
coordinated, (c) a final phase in which the creature is
coordinated, move at its full speed, and try to compensate
the perturbations which occur during motion (which tend to
reduce the level of coordination).

Figure 5: Morphology of the best evolved creatures of each replication of 
the experiment. Some creatures are shown on the flat and some creatures are
shown on the irregular terrain. The grey scale colours of the segments and 
of the joints correspond to the id of the developmental rules which

generated them. Joints of the same colour are provided with identical neural
controllers. A true colour version of this picture is provided in the following 
web page: http://laral.istc.cnr.it/esm/dros1-0.

During the first phase, all the creatures (with the
exception of replications r2 and r4, which are illustrated
below) show an ability to assume a precise posture, after 
falling down on the ground, from which they are able to
coordinate and locomote. This is accomplished thanks to the
fact that the evolved morphologies are suitable both to stand
on a preferred posture and to walk from that posture. Indeed,
some of the evolved morphologies display segments which
do not play a major role (or any role) for locomotion but
which reduce the risk of tipping over (see for example r9). 
In some cases, creatures are able to assume more than a 
single posture from which they can locomote effectively. 
This is the case of creatures r2 and r4 which can assume two
and four legged postures respectively, from which they can
walk equally well. 

During the second phase, all creatures show an ability to
coordinate on an effective gait (with the exception of 
creature r0 and r3 which succeeds in only part of the trials). 
Some of the creatures (r7 and r9), do not use signals and
coordinate by only exploiting the effects of the forces
applied to each joint, mediated by the collisions with the 
external environment, on the posture assumed by the entire
creature and the angular position of each of its joints. These
physical interactions, in fact, codetermine the current state 
of each joint which, in turn, affects the propriosensors of 
each corresponding neural controller and thus the output of
the neural controller itself which determines the desired
speed of oscillation of the corresponding joint. It is
important to note that this ability to coordinate depends on
two aspects: (a) an ability to modify the frequency of
oscillation of each joint on the basis of the actual position of
the same joint which is determined by its previous position,
by the previous postures of the entire creature, and by the 
previous actions executed by each joint, (b) the morphology
of the creature.

The rest of the creatures (r0, r1, r2, r3, r4, r5, r6, r8) 
mainly exploit signals to coordinate. The analysis conducted
indicate that coordination is achieved by producing signals
which encode information about the current position of the 
joint emitting the signals and which are used by the neural
controllers of the joints receiving the signal to regulate their 
speed of oscillation so to improve the coordination between
the different part of the creature. For a detailed analysis of 
how a similar type of coordination process is achieved in
robots with a fixed hexapod morphology provided with a 
similar distributed control system, see in [13] [14].

During the third phase, a qualitative observation of
creatures’ behavior indicate that they move at their full
speed in a coordinated manner by compensating for relative
misalignments between the joints which originate during
motion especially in irregular terrains. Evolved creatures
differ significantly in the way in which they locomote (see
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